The remarkable camouflage capabilities of cephalopods have inspired many to develop dynamic optical materials which exploit certain design principles and/or material properties from cephalopod dermal cells. Here, the angle-dependent optical properties of various single-layer reflectin thin-films are characterized within the UV-Vis-NIR regions. Following this, the design and fabrication of the first bio-inspired reflectin-based Bragg reflector is described, which was found to conserve the optical properties of single layer films but exhibit a unique characteristic; reduced angle-dependent reflectivity. Finally, a novel method of controlling reflectin thin-film optical properties is introduced; visible light-induced photoisomerism, representing a new class of reflectin-based optical materials.
INTRODUCTION
Reflectins are a unique family of high-refractive index proteins native to cephalopods (squid, octopus, and cuttlefish). [1] Consisting of repeating motifs (rich in aromatic and sulfur-containing amino acids) separated by positively charged linkers, these proteins are found within cellular Bragg reflectors known as iridophores, where intracellular lamellae containing reflectins are spatially separated by the extracellular matrix ( Figure 1A) . [2] Iridescence arises from coherent Bragg reflection from successive layers, defined by interference theory. [3] Some cephalopods, such as squid in the Loligidae family, are able to tightly control the optical properties of these iridophores using a neurotransmitter, acetylcholine (ACh). [4] ACh triggers a signal-transduction cascade which leads to the phosphorylation of reflectins, reducing net charge and triggering reversible hierarchical assembly into a more condensed structure. [5, 6] Reduced ion exposure then leads to lamellae dehydration, further increasing the refractive index contrast. [7] Collectively, along with chromatophores (pigment-filled cells which act as spectral filters under neuromuscular control), and leucophores (highly reflective broadband light scatterers), iridophores endow cephalopods with a high level of control over their body coloration and patterning, which they use for both camouflage and signaling. [1] Since their discovery, researchers have been working towards the development of dynamic, optically active biomimetic camouflage technologies which exploit the unique properties of reflectins. [8] [9] [10] [11] [12] Facilitating this, recent efforts have been directed toward the characterization of reflectins in vitro, revealing properties such as pH-dependent particle-size formation, [13] the differential roles of motifs and linker regions, [6] the role of key amino-acid residues, [14] reflectin conductive properties, [15, 16] and the effect of small molecules on higher-order assembly. [17] Advances in the design, fabrication, and characterization of reflectin-based materials have revealed properties such as thickness-dependent coloration, [9] [10] [11] 18, 19] broad near-infra-red (NIR) reflectance, [11] and induced light scattering, [20, 21] It has also been demonstrated that the thickness (and therefore optical properties) of these materials can be controlled both pre-fabrication, by varying parameters such as flow-coating angle and sample concentration, [18, 19] and post-fabrication, via vapor-induced swelling, [18, 19] applying uniaxial strain, [10] or proton conduction. [9] Despite these advancements, the promise of the next-generation of dynamic, tightly-controlled, reflectin-based camouflage technologies is currently stifled by angular-dependent reflectivity, which is a significant yet generally overlooked issue. As most reflectin-based materials are fabricated in the form of thinfilms/coatings, their optical reflectivity ( ) depends on both the layer thickness (d) and the angle of incidence (viewing angle, ), as shown in equation (1), where n is average refractive index and m is order of reflection. However, while significant efforts have been directed towards developing novel methods of controlling reflectin layer thickness to modulate the thickness-dependent optical properties, little has been done to characterize and/or modify angular-dependence.
RESULTS
Here, the optical properties of a range of reflectin single-layer thin-films have been characterized over a wide wavelength range (185-3300 nm), revealing previously unreported optical properties.
The angular reflectance of both single and multilayered systems was subsequently characterized by varying the angle of incidence between 20 and 70 degrees, revealing significant spectral changes.
Following this, the design and fabrication of a cephalopod-inspired reflectin-based Bragg reflector is then outlined ( Figure 1B ), exhibiting modulated reflectance over a relatively large angle range.
Finally, we further introduce a novel method of controlling reflectin thin-film thickness (and therefore optical properties) via visible light-induced isomerism ( Figure 1C ).
All reflectin isoforms (reflectins are referred to as XXRefYY, where XX is the origin, and YY is the reflectin isoform, Figure S1 ) were expressed in Escherichia coli from recombinant plasmids and were found to be sequestered in inclusion bodies as previously reported. [13, 19] Inclusion bodies were isolated using standard inclusion body preparations, [22] solubilized under strongly denaturing conditions, and purified using high pressure liquid chromatography (HPLC) before being lyophilized and stored at 4 °C. [23] Upon spin-coating onto clean Si wafers under the same conditions ( Figure 2A ), all single-layer films appeared light blue under ambient light upon drying, suggesting comparable thicknesses were achieved ( Figure S2 ). [3] Using cross-sectional scanning electron microscopy (SEM), the thickness of one sample (DORefA2) was determined to be ~240 nm ( Figure   2B , top), in close agreement with atomic force microscopy assessment (AFM, Figure S3 ). Using equation (1), assuming a refractive index of around ~1.56, [24] the peak reflectance of a 200 nm single-layer film at normal incidence is around 375 nm, in accordance with the observed colour of our fabricated films. The UV-VIS-NIR reflectance spectra reveal three orders of reflectivity conserved across all isoforms; UV reflectivity at ~200 nm (2 nd order), visible reflectivity at 350-450 nm (1 st order), and broad IR reflectivity spanning the near-and short-wave IR region up to 3300 nm (0 th order) ( Figure S4 ). Controlling the optical properties in the near-and short-wave IR regions is of particular interest to those in the defense industry as these include commonly surveilled electromagnetic (EM) regions which are often targets for EM signature reduction technologies. [25] By varying the angle of incidence, the angular-dependent reflectivity of these single-layer films was characterized. As the angle of incidence increased from 20 to 70 degrees, the normalized reflectance of all samples at 350-450 nm gradually reduced from ~1 to ~0.25 ( Figure 2C , top right, Figure S5 ).
Concomitantly, normalized reflectance between 640-750 nm increased from ~0.25 at 20 degrees to ~1.5 at 70 degrees. Using equation (1), we can attribute the emergence of this reflectivity at 70 degrees to red-shifting of the 0 th order of reflection. Thus, the sustained presence of broad IR reflectivity at these angles suggests that reflectivity in these regions may result from the bulk optical properties of reflectins themselves, rather than thin-film interference. Notably, a peak at ~2370 nm also emerged at 60/70 degrees, although the significance of this is currently unknown. This angular dependent reflectivity can have negative implications, especially for emerging sensing/anticamouflage technologies. [26] This therefore represents a major hindrance to the integration of reflectin single-layer films into modern bio-based camouflage technologies. To overcome this seemingly fundamental issue, we began to take more direct inspiration from cephalopods, whose body coloration appears to be angle-independent. With this in mind, more biomimetic configurations of reflectin thin-films were explored to more accurately mimic the structure of iridophores. This led us to design a reflectin-based Bragg reflector consisting of alternating layers of reflectin and bovine serum albumin (BSA), a stable and readily available protein. BSA in this case mimics the presence of extracellular space which separates the multiple reflectin-filled lamellae in iridophores ( Figure 1B ). Using spin coating, a seven-layered film was fabricated by coating reflectin and BSA sequentially, allowing the film to dry for a few minutes prior to the application of the next layer (Figure 2A) . The presence of discrete layers was confirmed using cross-sectional SEM ( Figure 2B, bottom) , which determined the thickness of a tri-layered reflectin-BSA film to be ~990 nm. Markedly, while all of the spectral features of our single-layer films were maintained (also confirming the presence of discrete layers of a thickness comparable to that of our single-layer films), angle-dependence in the visible and NIR regions (below 1500 nm) were almost completely reduced ( Figure 2C , bottom middle). As the angle of incidence increased from 20 to 70 degrees, normalized reflectance at ~350-450 nm was maintained around 1, and was retained as the peak reflectance in the visible region. This is the first example of a reflectin-based film whose specular reflectance has been shown to be modulated with respect to viewing angle, and while the presence of a broad reflectance peak may ensure that the impact of angle-dependent reflectivity is minimized, [10] our design does so without compromising spectral coherence. Thus, combined with the dynamic capabilities of the current generation of reflectin-based materials, such as reconfigurable IR reflectivity, [10, 11] moving towards more biomimetic configurations will enable the design of next-generation dynamic, optically active, angle-independent materials. This may represent an important milestone in the reflectin story, enabling a move from developing reflectinbased materials with interesting optical properties to developing reflectin-based camouflage technologies. At wavelengths above 1500 nm, specular reflectance is amplified as angle of incidence increases, with the same peak at around ~2370 nm emerging at 60/70 degrees, but to an even greater extent. Based on theoretical considerations of multilayer interference, [3] the reduced angular-dependence exhibited by our Bragg reflectors may be considered counterintuitive; however could be explained by the morphology of the coated reflectin, with SEM micrographs revealing the formation of irregular, wrinkled microstructures upon coating ( Figure S6 ). These irregular configurations are thought to arise due to stresses applied during the spin coating process and have been shown to impart unique optical properties. [27] Designing multilayer films provided the opportunity to investigate incorporating other proteins into reflectin multilayer films. Of particular interest is the use of novel methods to control the thickness and therefore optical properties of reflectin materials. Towards this purpose, the phytochrome family of photoreceptor proteins is an attractive target as they undergo a reversible light-induced conversion between two different states, which involves a significant conformational change in the protein ( Figure S7 ). [28, 29] In solution, after being exposed to 625 nm light, the UV spectra of this phytochrome was found to contain a peak around 750 nm, which corresponds to an 'open' state of the protein. After exposure to 780 nm light, the peak shifted to ~710 nm, corresponding to a 'closed' state of the protein ( Figure 3A) . A reflectin/phytochrome device was then designed and subsequently fabricated by spin coating a layer of phytochrome onto a clean Si wafer followed by a layer of reflectin, with the presence of discrete layers confirmed using cross-sectional SEM ( Figure   3B ). The optical properties were then characterized in the visible region, revealing peak reflectance around 600 nm. It was then possible to trigger photoisomerism of the coated phytochrome by shining 625/780 nm light onto the surface of the film in the presence of water vapor ( Figure 3C ). Reflectin/phytochrome thin-films were fabricated by first spin-coating phytochrome (5 mg/mL in HFIP/H2O) onto a Si wafer, followed by spin coating DOrefA2 (1 mg/mL in HFIP).
Continuous
Photoisomerism: Reflectin/phytochrome samples were continuously exposed to LED light (625 or 780 nm) for 3 minutes in a dark room while water vapour was applied to the surface every 30 seconds.
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